This study provides information for the design of sea outfalls to dispose of brine from desalination plants into shallow lagoons of the sea. The behavior of vertical dense jets was studied experimentally by discharging cold saline water vertically upward into a tank filled with hot freshwater under stagnant ambient conditions. The minimum return point dilution, μ min , was determined using thermocouples, and the maximum height, Z m , and the lateral spread, R sp , of the fountains were intermediate water depth were found to be higher than those of fountains at deep water depths. In the impinging regime, μ min decreases rapidly when a fountain starts to continuously impinge on the water surface, showing a noticeable disturbance in the water surface. Therefore, a good rule of thumb is to reduce the flow through multiport diffusers from desalination plants when the noticeable disturbance is observed from the top water surface.
INTRODUCTION
In the last few decades, implementation of the desalination process has increased worldwide with the aim of obtaining freshwater from seawater owing to the scarcity of rain and depleted resources of groundwater. Brine, i.e., dense salty water, is produced during desalination processes and is usually disposed of into the sea, but saving the marine ecosystem is a challenging task. Therefore, researchers are studying the use of vertical dense jets (or fountains) for safe disposal of brine into the sea.
Deep sea is considered as having ideal conditions for the disposal of brine, as mixing in deep-sea water is stronger because of stronger currents and a greater depth for diluting brine waste (Purnama et al. ) . For example, brine produced at Freeport, Texas, USA was discharged through a 20.1 km long, 0.9 m diameter buried pipeline into the Gulf of Mexico (McLellan & Randall ) . Therefore, the main focus of several past and present studies for brine disposal has only been deep water depths. It is also well established that dilution increases and marine pollution decreases as we go deeper into the ocean to dispose of brine. However, the overall cost of a desalination plant increases with an increase in the length of the conveying pipeline for brine to be able to reach the deep sea. Therefore, disposal of brine into the sea is an optimization problem between the pipeline cost and marine conservation.
At present, it is generally desirable to minimize the overall cost of desalination plants such that outfalls are located as close to the shores as environmentally possible (Jiang et al. ) . For example, during the planning and the designing of a disposal system for the desalination plant in Tuas, an industrial zone in west Singapore, multiple locations were analyzed to establish the optimum location of the disposal point to achieve a balance between the pipeline cost and the environmental effects (Sinapah ) . Therefore, there is a need for an appropriate diffuser system for shallow water in order to minimize the high construction cost of long pipelines.
Shallow water means that the depth of water over the discharge point is small enough that the dense jets strike or are influenced by the water surface. A number of important aspects of fountains in shallow water are needed to be investigated for the safe disposal of brine from desalination plants. Jiang et al. () and Abessi & Roberts (, ) studied inclined dense jets in shallow water. A few studies (Holstein & Lemckert ; Lemckert ; Cooper & Hunt ) have focused on vertical dense jets (or fountains) in shallow water. Cooper & Hunt () discharged freshwater downward, impinging on a horizontal plate, into tank-filled saline water and investigated lateral spread of fountains. Lemckert () discharged salty water vertically upward in a freshwater-filled tank with shallow depth and studied the relationship between lateral spread, Froude number, and depth of water. The main objective of these studies was to determine near-field flow close to the plate and lateral spread of the fountain impinging on a horizontal plate. In addition to lateral spread of fountains, height of fountains and return dilution of fountains after lateral spread at nozzle level at Z ¼ 0 (as depicted in Figures 1  and 2 ) are important for controlling brine discharges from desalination plants. Prediction of height of fountains is needed for ensuring that the available water depth over the top of diffusers (single or multiport) is sufficient for the successful disposal of brine into the sea. The minimum return dilution just at the source is also important as it represents a worst-case scenario that could be used to regulate dense discharges from desalination plants. Experiments, however, have been conducted only in the deep water conditions (Ahmad & Baddour , a) . Therefore, there is a need to analyze the concept of minimum return dilution in shallow water. The main objective of this research is to analyze experimentally height and minimum return dilution in shallow water by discharging cold saline jets vertically upward into hot stagnant ambient conditions and comparing shallow water depths results with deep water depths. The concept of minimum return dilution μ min was applied in shallow water depths with low Froude numbers.
METHODOLOGY
A comparison of behavior of fountains between deep and shallow water depths is shown in Figure 1 . In the case of shallow water conditions, close proximity of the water surface plays the most important role in mixing of dense jets. Jiang et al. () found that shallow water depth significantly influence the mixing of inclined dense jets. We can expect the same behavior in the case of vertical dense jets. Therefore, shallow depths were further categorized into intermediate and impinging regimes. In the intermediate regime, water surface influences the behavior of jets, and in the impinging regime, fountains are directly hitting the surface and spreading laterally. In previous studies for producing deep water conditions, it was customary practice to roughly adopt 1.5 Z m =r 0 over the nozzle level (Zhang & Baddour ; Baddour & Zhang ) (Z m ¼ maximum height; r 0 ¼ radius of the discharge nozzle). Based on the customary practice, three regimes are identified in Figure 1 . In this study, the fountains were analyzed in three regimes of water depths. Figure 2 shows the illustration of the dense thermal fountain which was adopted to simulate the behavior of vertical dense jets of brine from desalination plants in the laboratory. Dynamic similarity between field and laboratory fountains was achieved by matching their discharge densimetric Froude number Fr 0 , which is defined here as:
where U 0 is the discharge velocity, r 0 is the radius of the discharge nozzle, g 0 0 ¼ gρ 0 À ρ a =ρ a is the discharge buoyancy (or effective gravity), g is the gravity, ρ 0 is the discharge density, and ρ a is the ambient water density.
Dense discharges in the field are turbulent fountains. Therefore, the flow during experiments was maintained as turbulent (Reynolds number (Re) > 3000) and higher in Froude number (Fr 0 > 7).
Three important experimental parameters of vertical dense jets in shallow water were chosen in this study: the minimum return point dilution, μ min , the maximum height, Z m , and the lateral spread, R sp , at the water surface, as shown in Figure 1 . An expression is developed for Z m using dimensional analysis technique:
By substituting for M 0 and B 0 , the following length scale is suitable to normalize vertical penetration data (Zhang & Baddour ) :
The concept of μ min was adopted in the present study to investigate the dilution of fountains in shallow water (Ahmad & Baddour ) . However, wall and surface effects are more problematic in shallow water due to the jet impinging on the water surface. A detailed analysis was performed to determine steady state conditions and limitations of the apparatus. In this research dilution at the edge of the nozzle was measured by thermocouples. A simple definition for dilution just at the edge of the nozzle by conserving heat and salt in the fountain is defined as:
where
0 and S 0 ¼ temperature and salinity of discharge; T a and S a ¼ temperature and salinity of ambient water; and T 1 ¼ mean temperature measured just outside the edge of nozzle at Z ¼ 0.
The similarity of dense and thermal flows is expected to hold when the water equation of state is linear. It is practically the case when experiments are conducted using water at temperatures greater than 15
In the present study, experiments were performed with thermal saline water. Double diffusion effect is very important in the case of thermos-saline flows as diffusivity of heat is higher than salt, which causes salt fingering. The importance of double diffusion for laminar and turbulent flow was discussed by McDougall () and Law et al. () , respectively. Recently, Bruce et al. () experimentally studied behavior of thermal saline fountains and found that the double diffusion effect of high saline fountains is negligible. In the present study, high saline (S ¼ 20 ppt) was discharged and density was predominantly controlled by the salinity of the discharge. There was negligible effect due to double diffusion. In the present study double diffusion effect was neglected.
An expression is developed for gravitational buoyancy using dimensional analysis technique:
Using a similar approach, as adopted to derive Equation (3), by substituting for M 0 and B 0 , the following effective gravity scale to normalize jet buoyancy is
Effective gravity scale is directly proportional to the temperature scale when the water equation of state is linear, therefore:
Putting the value of g 0 S from Equation (6) into Equation (7) and solving:
Furthermore, using Equation (4), the dilution scale for dense and thermal jets can be expressed as:
Substituting Equation (8) into Equation (9) gives the following non-dimensional dilution scale that is applicable to both thermal and dense jets:
Lateral spread on water surface, R sp
In this study, R sp was defined as the average of maximum widths attained per second in a 1 minute recorded video.
Cooper & Hunt () analyzed R sp of fountains under shallow water and found that water depth over the nozzle level, H, is a suitable scale for normalizing R sp .
EXPERIMENTAL ARRANGEMENT AND PROCEDURE
Experiments in the present study were performed using the same apparatus as that used by Ahmad & Baddour () . The arrangement of the apparatus is shown in Figure 3 . Cold dense saline water was discharged vertically upward into a tank filled with hot freshwater to a shallow depth under stagnant ambient conditions. The tank, made of acrylic, was 1.15 m deep and 1.15 × 1.15 m in cross-section. The dilution was measured by thermocouples. The thermocouples used in this study were 0.1 mm diameter and 1,830 mm in length and provided a temperature accuracy of ±0.1 W C. Their frequency response exceeds 10 Hz, which was adequate in capturing the turbulent temperature fluctuations inside the fountains. Thermocouples are especially advantageous in turbulent mixing flows where the temperature is in the form of fluctuations. The effect of intrusion of thermocouples was negligible as thermocouples were placed at the outer side of the edge of the nozzle where the flow is returning back. To avoid further resistance at the discharge point, temperature of the discharge at the nozzle was kept at the room temperature so that there was no need to put a thermocouple inside the nozzle. Preliminary tests were performed with the thermocouple inside the discharge nozzle. Once the time to establish the steady condition was determined, experiments were performed without the discharge thermocouple to have the least resistance to the flow. Further, Z m and R sp were determined by observing recorded videos of images projected onto a projection screen during experiments, as shown in Figure 3 . The projected images of fountains during the experiments may have been different from the actual images, as light rays from sources are not horizontal. The fountains were calibrated by placing an object of known height close to the nozzle and measuring its projected height. During the calibration process, the ratio of actual to image of height and lateral spread of the fountain were found to be 0.89 and 0.75, respectively. The distances from the projector and the digital camera to the projection screen were 4 m and 3 m, respectively. A transparent ruler was stuck on the projection screen to observe instantaneous height of fountains. The attached ruler with the projection screen was useful to select the five consecutive peak heights during experiments. In this research, five consecutive peak heights during the experiments were noted. Z m was determined by averaging the five peaks (Zhang & Baddour ) .
Fountains were discharged by a nozzle located 14 cm above the bottom of the tank, and a 1 m diameter base plate was placed at the base of the tank to collect and separate saline water from top water (Ahmad & Baddour ) . These arrangements allowed a dense bottom layer to accumulate at the bottom of the tank during the experiments, without affecting the jet behavior above the source Z ¼ 0. However, in the case of shallow water, wall and surface effects on fountains could be severe and more complicated than that of deep water. To investigate the dilution behavior around fountains, thermocouples were arranged horizontally at the nozzle level Z ¼ 0 as shown in Figure 2 .
Six series of experiments (A, B, C, D, E, F), summarized in Table 1 , were conducted in this study to achieve a set of specific objectives. As seen in Table 1 , turbulent flow conditions were maintained with the discharge Re ranging from 2,979 to 5,960. The smallest Froude number was 9 and the largest was 18.8. During all series of experiments, saline cold water (S 0 ¼ 20 ppt) at the room temperature (19-24 W C) was discharged into the tank filled with freshwater (S 0 ¼ 0 ppt) at the temperature ranging between 33 and 38 W C. Discharge of the experiments ranged between 0.3 and 0.6 gallons per minute. Density of the discharge (ρ 0 ) and ambient water density (ρ a ) ranged between 1,012.35 to 1,013.6 kg/m 3 and 993 to 994.7 kg/m 3 , respectively. All the experiments were performed with highdensity saline water and a relative density ratio Δρ=ρ a ð Þran-ging from 0.015 to 0.019. The five series of experiments are described in the following, and the locations of thermocouples are illustrated in Figure 2 . Experiment Series A and B were designed to test the limitations of the apparatus and experimental procedure and to assess the capacity to model the steady state, nearfield behavior of jets in shallow water. In Experiment Series A, a long duration test with the highest Froude number, Fr 0 ¼ 18:8, was performed over a period of 2.5 min. A thermocouple placed close to the surface continuously monitored the temperature of ambient water, and another thermocouple located just outside the edge of the nozzle monitored the temperature of the returning fluid at the source height (Z ¼ 0). Experiment Series B was designed to gather detailed lower temperature profiles on the horizontal surface (Z ¼ 0) and to confirm the point of minimum dilution. The required temperature data for this series were captured with a horizontal profiler made of nine vertical thermocouples with their tips opposing the return flow at Z ¼ 0. The arrangement of thermocouples is shown in Figure 2 . Four experiments were performed with different Froude numbers ranging from 9.2 to 18.2.
Experiment Series C was designed to analyze the effect of varying depths on dense jet heights. This series was further sub-categorized into C1, C2, and C3 and experiments were performed with three Froude numbers (9.2, 12.1, 15.1), respectively. During each sub-category, an experiment was repeated several times with the same Froude number but with varying height (deep to shallow depths). The height of the fountains was determined by observing recorded video images of the fountains during the experiments. The images of fountains obtained during experiments were multiplied by 0.89 to convert into actual fountains heights.
Experiment Series D was designed to analyze the relationship between the minimum dilution and discharge Froude number under varying water depths. This series was further sub-divided into D1, D2, D3, and D4. In series D1, an experiment was performed in deep water. In the other series (D2, D3, D4), experiments were performed in shallow water conditions. To improve the efficiency, the minimum dilution was measured directly with four equally spaced thermocouples around the nozzle at the level of the source as shown in Figure 2 . The highest Froude number was limited to 18.1 due to limitations of apparatus.
Experiment Series E was designed to study the height of fountains with varying Froude number under the fixed depth of water using the visual technique. This series was further sub-categorized into E1, E2, E3, and E4 based on different water depths. In each series, the experiments were repeated with varying Froude number under the fixed water depth. The conversion factor between images and the real height of fountains was 0.89. Experiment Series F was designed to study the relationship between the lateral spread R sp of the fountains and discharge Froude number under varying water depths. Five experiments were performed with different Froude numbers Finally, the experimental conditions of previous studies, which are later compared with those of the present study, are separately summarized in Table 2 .
RESULTS AND DISCUSSION
Determining steady state conditions Figure 4 shows temperature signals over a period of 165 s obtained inside and outside of the jet during the Experiment Series A with Fr ¼ 18.8. The sudden decrease of temperature that can be seen at t ¼ 31 s is associated with the opening of the discharge valve, and the first lowest peak is caused by the first (starting) front of the fountain. An apparent steady state period of turbulent fluctuations can be seen during the limited period 48 s < t < 112 s. Beyond this limited window of time, the mean temperature of the fountain is evidently ramping down due to the finite size of the tank and associated wall and/or surface effects. Based on this finding, the data in all the other series of experiments were analyzed only within this window of time (48-112 s). It was a conservative steady state window of time since it was established using data for the highest Froude number test. Jets with smaller Froude numbers are expected to exhibit longer steady state periods before interacting with the walls and/ or surface of the tank.
Applicability of the minimum return point dilution, μ min , concept in shallow water
In Figure 5 , the mean normalized lower temperature ΔT=ΔT 0 is plotted against normalized radial distance from one side of the edge of the nozzle (r À r 0 )=r 0 Fr 0 at the nozzle level Z ¼ 0 during Experiment Series B. The figure shows four different temperature profiles. A temperature profile obtained in deep water and the other three temperature profiles were obtained with different Froude numbers in the fixed water depth H=r 0 ¼ 37:2. The shape of the temperature profile of the test obtained in deep water is very smooth and regular. However, the shapes of the temperature profiles obtained in shallow water depth are different from the deep water depth. The close proximity of the water surface changes the temperature profiles in shallow depth fountains. Temperature profiles of shallow water depth have fluctuations which increase by increasing Froude numbers. This indicates that instability in fountains increase with increasing Froude numbers in a fixed shallow water depth. However, it is worth noting that the lower temperature is still higher at the edge of the nozzle in all temperature profiles. Therefore, the μ min concept is applicable in the present study where all tests were performed with Fr 0 < 18:8 and H=r 0 was higher than 34 in most of the experiments. A few experiments were performed with H=r 0 < 34; however, Fr 0 was lower in those experiments. Figure 6 (b), is higher than that for the fountain discharged under the deep water depth H=r 0 ¼ 166, as shown in Figure 6 (a). Moreover, the lateral size of the fountain under shallow water is larger than that of the fountain under deep water. This indicates that the smaller pressure field of the water depth in the case of an intermediate water depth may cause an increase in the fountain height Z m as well as an increase in the lateral size. It should be noted that even in deep water the fluctuations in the heights of vertical dense jets are higher (i.e., 2.2-3.6 r 0 Fr 0 ) than those of inclined dense jets. In other words, the upward impulsive force of vertical dense jets is larger than those of inclined jets. Therefore, in the shallow water the high impulsive force of vertical dense jets vertically upward in the weak pressure field may cause the unusual increase in the heights.
Observing fountain behavior in shallow waters
The pictures in Figures 7 and 8 were obtained for visualizing the behavior of fountains under shallow water conditions. Specifically, Figure 7 shows shadowgraph pictures of fountains from the side and Figure 8 shows the corresponding photographs taken from the top water surface. Figure 7 presents the shadowgraph pictures of six fountains that were obtained under the same H=r 0 ¼ 37:2 but with varying Fr 0 (9.2, 10.9, 12.1, 16.4, 18.2, and 24.2). As shown in Figure 7 (b), a fountain strikes the water surface occasionally, and observation of the top water surface reveals a slight depression in some cases, as shown in Figure 8(a) . Figure 7(b) indicates start of the impinging regime. As shown in Figure 7 (c), a fountain starts to impinge on the water surface continuously, and observation of the top water surface reveals a slight disturbance on it. Figure 7(c) is the picture corresponding to the beginning of the fully impinging regime. After a further increase in the Froude number, the water disturbance increases, and at the Froude number of 18.2 in Figure 7 (e), the disturbance from the top water surface becomes very noticeable, as shown in Figure 8 (3). The normalized height of fountains, Z m =r 0 Fr 0 , is constant at higher water depths but increases rapidly at shallow water depths. The figure shows that the deep water conditions can be roughly considered until H=r 0 > 1:5Z m =r 0 as often used in various previous studies. This rapid rise and lateral expansion of fountains are due to the low depth of water over the fountains. A lower water depth over the fountains creates a weak pressure field around them, which may cause their rise and expansion. However, when the water depth is sufficiently higher, i.e., H=r 0 > 1:5Z m =r 0 , the effect of the pressure field on the fountains remains constant as the increase in compressibility on the fountains becomes negligible. In Figure 9 , the dotted-dashed line separates the intermediate water depth from the deep water depth. The point corresponding to Figure 7(b) is just the start of the impinging regime, and at this point the fountains strike the water surface occasionally. After passing this point, the fountains start to strike the water surface more frequently. The fully impinging regime is established when the fountain starts touching the water surface continuously as shown in Figure 7 (c). The figure could have practical significance to determine height of fountains from diffusers when limited space is available over the top of the fountains and environmental regulations restrict striking of fountains with the water surface. Figure 10 shows the increase in the height of fountains, Z m =r 0 , versus Fr 0 under shallow water and compares it with the results under deep water. In the figure, the results of Z m =r 0 for deep water as obtained by Baddour & Zhang () Effect of shallow depth on the minimum return point dilution, μ min Figure 11 shows the effect of shallow depth on the dilution of fountains. Minimum dilution μ min was normalized by the scale Fr 0 as presented in Equation (10). The figure shows that the normalized minimum dilution μ min =Fr 0 of the fountains under the intermediate water depth is higher than that of dense jets under deep water.
The figure also shows that μ min =Fr 0 increases with a decrease in the water depth and reaches a peak value, after which it starts decreasing when the jet starts impinging on the water surface. The data presented in the figure can be demonstrated by the photographs in Figures 6-8 . The highest point in Figure 11 , which show the noticeable disturbance from the top water surface. In the fully impinging regime, dilution decreases rapidly, which is a point of concern from the viewpoint of the operations of a disposal system. A fully impinging regime could be easily recognized by observing the noticeable disturbance from the top water surface, as shown in Figure 8 (b). Therefore, it is advisable to reduce the flow of multiport diffusers when a noticeable disturbance from the water surface is observed.
Effect of shallow water depth on R sp
Previous studies (Holstein & Lemckert ; Lemckert ; Cooper & Hunt ) examined lateral spread of impinging fountains as it moves along a rigid and free surface. Cooper & Hunt () defined R sp as a radial distance of the spread where lateral flow separates the rigid plate. Such studies have application in fluid mechanics and air dynamics i.e., air curtains, gas metal arc welding, and flow from the jets of vertical takeoff aircraft. Holstein & Lemckert () and Lemckert () reported experiments on saline fountains impinging on rigid and free surfaces, respectively. Their work focused on assessing how the R sp was related to Fr 0 and H. Holstein & Lemckert () found that the total length travelled by the buoyant fluid prior to the separation from the plate (R sp þ H) should be related to the fountain's source conditions. Lemckert () thought that the fluid element within the fountain in shallow water travels a distance (R sp þ H) in the same way as Z m in deep water (where system is unbounded and R sp ¼ 0).
In the present research, R sp under shallow water may be important in the case of sensitive areas (Ahmad & Baddour b) where concentration and size of mixing zones are both the focus of environmental regulations. R sp values obtained from studies of pure fluid mechanics are discussed and compared with the corresponding results of the present study. Figure 12 shows the length of the fluid movement (H þ R sp )=r 0 versus Froude number in shallow water depths when the fountains impinge on the surface of shallow water. The present study results are also compared with Lemckert () . The present data fit well to the power line of Lemckert () 
Lemckert () presented Equation (11) to relate (H þ R sp ) of dense jets in impinging shallow regime to the height Z m of fountains in deep water. Equation (11) could be used to determine R sp under turbulent flow conditions and a shallow water depth.
CONCLUSIONS
This study examined the dilution, height, and lateral spread of vertical dense jets under stagnant shallow water conditions and compared the results with those of deep water studies. Three mixing regimes were identified: deep, intermediate, and impinging mixing regimes. To keep the steady state, experiments were performed with Fr 0 < 18.8 and H=r 0 was higher than 34. The main findings of the experiments were as follows.
A fountain under an intermediate water depth of shallow
water has a larger height and size than a fountain under a deep water depth with the same Fr 0 . It was estimated that the deep water condition could be roughly considered until H=r 0 > 1:5Z m =r 0 . 2. The μ min =Fr 0 value of fountains in the intermediate mixing zone is higher than that in deep water. However, in the fully impinging regime, μ min decreases rapidly when a fountain starts to impinge on the water surface continuously, and reveals a noticeable disturbance from the top water surface, as shown in Figure 8 (b). Therefore, it is advisable to reduce flow through multiport diffusers when a noticeable disturbance is observed from the top surface.
